The neurotrophin brain-derived neurotrophic factor (BDNF) has been implicated in the generation and differentiation of new olfactory sensory neurons (OSNs) and in the regulation of branching of OSN axons in their target glomeruli. However, previous reports of BDNF mRNA and protein expression in olfactory epithelium and olfactory bulb (OB) have been inconsistent, raising questions on the proposed roles for BDNF. Here, we report on b-galactosidase (b-gal) expression in adult gene-targeted mice where the BDNF promoter drives expression of the Escherichia coli lacZ gene (BDNF lacZneo mice). We find that b-gal is expressed in a small subset of OSNs with axons that reach the olfactory nerve layers throughout the OB. In the OB, we find expression of b-gal in c-aminobutyric acidergic but not dopaminergic periglomerular cells and external tufted cells and in interneurons located in the mitral cell layer. Our results are inconsistent with the regulation of generation and differentiation of new OSNs elicited by the release of BDNF from horizontal basal cells. The results are consistent with a role for BDNF in competitive branching of OSN axons within the glomeruli of the OB.
Introduction
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family implicated in the survival and differentiation of neurons and in the outgrowth and pruning of neuronal processes (Lewin and Barde 1996; Lindsay 1996; Horch 2004) . BDNF has been implicated in 2 important aspects of olfactory sensory neuron (OSN) cell biology. With a lifespan averaging 3 months, OSNs are among the few neuron types that have the ability to regenerate and differentiate to mature neurons in the adult animal (Graziadei and Metcalf 1971; Weiler and Farbman 1997) . Based on expression of this neurotrophin in horizontal basal cells (HBCs) located adjacent to the lamina propria underlying the olfactory epithelium (OE) (Figure 1 ), BDNF has been postulated to play a role in the differentiation/generation of new OSNs (Buckland and Cunningham 1999) . In addition, changes in axonal branching in heterozygous BDNF mice have led to the hypothesis that this neurotrophin participates in regulation of activity-dependent competition in branching of OSN axons within the glomerulus where they synapse with dendrites of mitral, tufted, and periglomerular (PG) cells (Cao et al. 2007) .
Although these studies highlight the potential importance of BDNF in the cell biology of the OSN, inconsistent reports on BDNF expression call into question the proposed roles for this neurotrophin. Table 1 illustrates the discrepant results of past surveys of expression of BDNF protein and/or mRNA in the OE and olfactory bulb (OB). Whereas Buckland and Cunningham (1999) report strong HBC-specific BDNF protein expression, Takami et al. (2005) localize BDNF to mature OSNs by immunohistochemistry as well as in situ hybridization. In contrast, Nef et al. do not detect expression of BDNF mRNA in neonatal OE. Furthermore, they report that genetic ablation of BDNF expression does not affect the number of mature OSNs at birth (Nef et al. 2001) . Reports on BDNF expression in the OB are similarly inconsistent. Whereas some investigators report BDNF expression in PG cells, consistent with a role for this neurotrophin in OSN axon branching within the glomerulus, other investigators either do not mention or report the absence of expression of BDNF in PG cells (Table 1) . These inconsistencies may have arisen from the well-known problematic nature of BDNF immunohistochemistry or from the fact that BDNF is generated as a pro-protein from multiple RNA splice variants. In an effort to circumvent these issues, we report here on BDNF promoter-driven expression of the Escherichia coli lacZ gene (BDNF lacZneo mice) in adult gene-targeted mice. These mice express the lacZ marker irrespective of the final BDNF product and thus provide a high-resolution window into the gene expression pattern of BDNF without the putative pitfalls arising from the posttranslational processing of the BDNF product.
Methods

Animals
Adult male mice 2-8 months old were used for all experiments. Animals were housed in groups of no more than 5 animals per cage, maintained in a 12:12 light:dark cycle, and given food and water ad libitum. BDNF lacZneo mice are animals in which the BDNF allele has been replaced by the E. coli lacZ gene (Bennett et al. 1999; Yee et al. 2003) . These BDNF lacZneo mice were generated by inserting the lacZ gene into the BDNF protein-coding exon such that the b-galactosidase (b-gal) translation initiation codon precisely substitutes for the BDNF initiation codon. Thus, this lacZ insertion reports expression from all the BDNF promoters that drive expression of the BDNF-coding exon. We used heterozygous BDNF lacZneo (+/-) mice and their BDNF lacZneo negative siblings (+/+) (as controls) in all experiments. BDNF lacZneo mice were maintained by crossing BDNF lacZneo heterozygous male mice to C57BL/6 female mice (Jax Mice, Bar Harbor, ME). The C57BL/6 inbred strain was chosen because it was the background strain for the BDNF lacZneo mice. Genotyping was performed by amplification of genomic DNA by polymerase chain reaction. All procedures were performed under protocols approved by the animal care and use committee of the University of Colorado Denver.
Immunohistochemistry
Mice were anesthetized with 20% chloral hydrate in 0.9% saline and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brain and OE were dissected and postfixed for 3 h, followed by overnight cryoprotection in 0.1 M PB containing 20% sucrose. Tissue was embedded in optimum cutting temperature (OCT) embedding compound and cut in 14 lm sections directly onto slides or in 30 lm floating sections. Tissue sections were incubated in blocking serum (0.3% Triton X-100, 1% bovine serum albumin, and 1% normal horse serum) for 60 min at room temperature. Antibodies, listed in Table 2 , were diluted to the appropriate concentration using blocking serum, and the tissue was incubated with primary antibodies overnight at 4°C. Sections were washed for 3 · 10 min in phosphate-buffered saline. Tissue was incubated with secondary antibodies for 1 h at room temperature. Sections were then washed for 3 · 10 min in 0.1 M PB, mounted on slides if appropriate, and coverslipped with fluoromount (SouthernBiotech, Birmingham, AL). Three sets of immunohistochemistry control experiments were completed. First, primary antibody was omitted to determine background fluorescence of the tissue and nonspecific binding of secondary antibodies. Second, in order to ensure that the b-gal antibodies did not bind to cells in which no b-gal was expressed, we demonstrated no endogenous b-gal immunoreactivity in OE and OB in BDNF lacZneo negative mice (data not shown). Third, we demonstrated ubiquitous b-gal immunoreactivity in mice in which the ROSA26 promoter drives expression of the lacZ gene (Jax Mice) (data not shown).
Finally, although one b-gal antibody is commercially produced and the other's specificity has been published (Yee et al. 2003) , we performed an additional control experiment in which we analyzed b-gal immunoreactivity using both the rabbit and the guinea pig antibodies on the same BDNF lacZneo tissue to demonstrate precise correlation of the immunoreactivity for the 2 antibodies (data not shown). Because we showed precise correlation between the 2 b-gal antibodies, all figures included below are images using the guinea pig antibody. This was done for consistency, and the guinea pig antibody was chosen over the rabbit antibody because most of the antibodies used for double-labeling experiments were also developed in rabbits.
Colorimetric detection of b-gal
For whole-mount colorimetric detection of b-gal (Figure 8 ), BDNF lacZneo mice and BDNF lacZneo negative sibling controls were euthanized by CO 2 inhalation. The brain and Light microscopic images of whole-mount OB and entire OE tissue sections were taken using a Spot RT camera in an Olympus SZX12 light microscope. Fluorescence images in tissue sections were acquired using an Olympus Fluoview laser-scanning confocal microscope. For double-labeling experiments, z-stack images were taken. In order to assess the presence of potential zonal expression patterns of BDNF in the OE, b-gal-positive cells were surveyed using epifluorescence in the Olympus Fluoview microscope in sections spaced 200 lm apart, and their location was drawn by hand onto low-magnification-transmitted light photographs encompassing the entire section (Figure 3 ).
Results
b-Gal expression in the OE of BDNF lacZneo mice b-Gal immunoreactivity was assessed visually in every section throughout the OE. We did not detect b-gal immunoreactivity in HBCs or in a large number of OSNs. However, a small number of b-gal-immunoreactive cells were found sparsely scattered throughout the OE (Figure 2 ). In order to identify the types of OE cells that express b-gal, we relied on cell morphology, location of the cell soma, and double labeling for cell-specific markers. Most b-gal-positive cells were identified as mature OSNs using one or more of the following markers: 1) the location of the soma in the middle of the OE, 2) the presence of a single positive axon, 3) the presence of positive dendrites, and 4) double labeling with the neuron-specific marker protein gene product (PGP) 9.5 (Figure 2 ). In sections that were double labeled with b-gal and PGP 9.5, all cells positive for b-gal also expressed PGP 9.5 (Figure 2A-C) . In a few b-gal-positive cells where the immunoreactivity extended beyond the soma, we found both b-gal-immunoreactive cilia (arrowheads) and axonal processes (arrows) ( Figure 2D-F) . A minority of b-galpositive cells (5 of several hundred positive cells) were located in the basal third of the epithelium, were rounded in shape, and had no identifiable processes. These were tentatively identified as globose basal cells (GBCs, not shown). However, due to the extremely small number of these GBClike cells found, we did not double label with a GBC-specific marker. We surveyed the b-gal-immunoreactive samples for potential spatial patterns of expression but found no obvious zonal expression pattern (Figure 3 ). We obtained similar sparse labeling of a few cells within the OE when we stained the samples using the X-gal reaction. No cells were found to be positive using either immunoreactivity or the X-gal reaction in BDNF lacZneo negative control mice, nor were immunoreactive cells present when the primary antibody was omitted (data not shown).
Axons of b-gal-positive OSNs are found in the olfactory nerve
In OSNs expressing the b-gal marker throughout the cytoplasm, we found b-gal-positive basal axonal processes (arrows in Figure 2D ,F). Although we were not able to follow a single process from the OE to the OB, we did find processes in nerve bundles underlying the OE (not shown) and in the olfactory nerve (Figure 4) . The putative OSN axons traversed the olfactory nerve following the sinuous trajectories of PGP 9.5-positive OSN axon bundles ( Figure 4A ). However, unlike axons from OSNs expressing a particular olfactory receptor, b-gal-positive fibers did not coalesce in a single glomerulus. Instead, we found these fibers scattered throughout the olfactory nerve layer (ONL) overlaying the glomerular layer ( Figure 4B ). The b-gal-positive fibers did not express calcitonin gene-related peptide (CGRP), a marker for trigeminal fibers ( Figure 4B ). We did not see evidence for axonal branching within any given glomerulus.
b-Gal expression in the OB
We detected b-gal immunoreactivity in a subset of OB cells. In order to identify cell types expressing b-gal, we used cell morphology, location of the cell soma, and double labeling for cell-specific markers. We identified mitral cells in PGP 9.5-labeled sections due to the location of their somata in the mitral cell layer, their large cell bodies, and PGP 9.5-immunoreactive primary dendrites ( Figure 5B ). Although we did not find a single mitral cell immunoreactive for b-gal, we did find some cells with the b-gal label in the internal part of the mitral cell layer. However, due to the small size of their somata and the lack of PGP 9.5 immunoreactivity, these cells are presumably interneurons. Approximately 20% of b-gal-positive juxtaglomerular cells were also immunoreactive to PGP 9.5 ( Figure 5F , arrows). These cells typically bordered the external plexiform layer (EPL) and are likely external tufted cells. Finally, a few somata, presumably from middle tufted cells, were double labeled in the EPL ( Figure 5C, arrowheads) .
Due to the heterogeneous nature of juxtaglomerular cells, we sought to determine which type of juxtaglomerular cell expresses the b-gal marker. We used immunocytochemical markers known to label subsets of PG cells (Parrish-Aungst et al. 2007 ). We never found b-gal-positive cells that colabeled with tyrosine hydroxylase, a marker for dopaminergic neurons ( Figure 6A-F) , or glial fibrillary acidic protein (GFAP), a marker for astrocytes (Figure 7 ). In contrast, we found a large population of b-gal-positive cells that did co-label with c-aminobutyric acid decarboxylase 67 (GAD67), a marker of a subset of c-aminobutyric acidergic (GABAergic) PG cells ( Figure 6G-L) . Note that not all the PG cells were immunoreactive for GAD67.
The number of b-gal-positive juxtaglomerular cells varied widely between glomeruli. In order to survey patterns of PG cell-specific b-gal expression, we performed a colorimetric detection of b-gal expression in whole-mount OBs. A visual inspection of these bulbs revealed loose clusters of b-gal-positive juxtaglomerular cells all along the surface of the OB with a dense ring of cells at the posterior end of the dorsal OB ( Figure 8A ). These structures, which could be necklace glomeruli, were also visible in the posterior ventral OB ( Figure 8B,C) . Further work is necessary to define the identity of these structures.
Discussion
The role of BDNF in the main olfactory system remains controversial primarily due to the well-known reactivity problems of the BDNF antibodies (Bennett et al. 1999; Yee et al. 2003 ) and the complex mRNA splicing and posttranslational processing of the BDNF molecule itself. In this study, we characterize BDNF gene expression by using the highly sensitive method of detecting lacZ in a heterozygous BDNF-lacZ mouse in which one allele directs the expression of b-gal under the control of the BDNF promoter. In these mice, we find evidence for BDNF expression in a subset of GABAergic PG and external tufted cells in the OB. These results are consistent with proposed modulation by BDNF of activity-dependent competition in axonal branching among OSNs within the glomeruli (Cao et al. 2007) . Consistent with this premise, mice deficient in the low-affinity BDNF receptor p75(NTR) display aberrant axonal branching resulting in the formation of extraneous glomeruli (Tisay et al. 2000) .
Contrary to previous reports of BDNF antibody immunoreactivity, we do not find expression of b-gal in the majority of OSNs or in HBCs (Buckland and Cunningham 1999; Takami et al. 2005 ). Rather we find b-gal expressed in a small subset of mature OSNs distributed throughout the epithelium. These results do not support a proposed role for BDNF in the differentiation and generation of new OSNs which is based on the previous report of widespread expression of BDNF in HBCs (Buckland and Cunningham 1999) . Instead, our results are consistent with the reports that the number of OSNs does not change in mice deficient for BDNF and that BDNF is not expressed in the OE in neonatal mice (Nef et al. 2001 ).
Although we found BDNF expression in OSNs to be far from comprehensive, the broad distribution of b-gal-positive axons along the entire surface of the OB indicates that BDNF expression was not limited to single OSN type expressing a single odorant receptor. As any given bulb, after animal sacrifice, can represent only a single snapshot in the time of BDNF expression, we cannot ignore the possibility that BDNF is transiently expressed during a stage of OSN maturation. As such, BDNF may in fact enjoy a broader expression in OSNs over the lifetime of an animal. Indeed, it is curious that b-gal-labeled axons that originate in OSNs expressing the mature neuron marker PGP 9.5 approach the glomeruli but do not branch within them. One interpretation of this finding would be that shortly after maturation, an OSN undergoes a surge in BDNF expression when the axon approaches the target glomerulus. An abrupt and transient onset of BDNF expression would be consistent with the fact that in some OSNs, lacZ expression is confined to the cell body, whereas in others it spreads to the axon reaching the OB (Figure 2 ). Although speculative, considering the current available data, this potential explanation for BDNF expression in a subset of OSNs warrants future investigation.
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